ABSTRACT Transforming growth factor-b1 (TGF-b1) is a potent regulator of extracellular matrix production, wound healing, differentiation, and immune response, and is implicated in the progression of fibrotic diseases and cancer. Extracellular activation of TGF-b1 from its latent form provides spatiotemporal control over TGF-b1 signaling, but the current understanding of TGFb1 activation does not emphasize cross talk between activators. Plasmin (PLS) and thrombospondin-1 (TSP1) have been studied individually as activators of TGF-b1, and in this work we used a systems-level approach with mathematical modeling and in vitro experiments to study the interplay between PLS and TSP1 in TGF-b1 activation. Simulations and steady-state analysis predicted a switch-like bistable transition between two levels of active TGF-b1, with an inverse correlation between PLS and TSP1. In particular, the model predicted that increasing PLS breaks a TSP1-TGF-b1 positive feedback loop and causes an unexpected net decrease in TGF-b1 activation. To test these predictions in vitro, we treated rat hepatocytes and hepatic stellate cells with PLS, which caused proteolytic cleavage of TSP1 and decreased activation of TGF-b1. The TGF-b1 activation levels showed a cooperative dose response, and a test of hysteresis in the cocultured cells validated that TGF-b1 activation is bistable. We conclude that switch-like behavior arises from natural competition between two distinct modes of TGF-b1 activation: a TSP1-mediated mode of high activation and a PLS-mediated mode of low activation. This switch suggests an explanation for the unexpected effects of the plasminogen activation system on TGF-b1 in fibrotic diseases in vivo, as well as novel prognostic and therapeutic approaches for diseases with TGF-b dysregulation.
INTRODUCTION
Transforming growth factor (TGF)-b1 is a multifunctional cytokine that regulates differentiation, apoptosis, migration, and wound healing. Defects in TGF-b1 signaling have been implicated in fibrotic diseases (1) , diabetic nephropathy (2), cancer metastasis (3) , and other diseases (4) . TGF-b1 signaling is tightly regulated at many levels, and its intracellular modulation by the smad system is particularly well studied (5, 6) . The extracellular activation of TGF-b1 is important for regulating its action because TGF-b1 is secreted from cells in a latent form (latent transforming growth factor (LTGF)-b1) and stored in the extracellular matrix until activation, creating a temporal discontinuity between LTGF-b1 expression and active TGF-b1 function (7) . Before secretion occurs, precursor TGF-b1 protein dimerizes and is noncovalently bound to an inactivating latency-associated peptide (LAP), which is further associated with the latent-TGF-b1 binding protein (LTBP). The latent complex is secreted by the cell and tethered to the extracellular matrix, but the latent form has no known function and does not bind with specific cell surface receptors (7, 8) . The active TGF-b1 dimer can be released from LAP inactivation by a variety of physical, chemical, and biological triggers, such as high temperature, acidic pH, reactive oxygen species, integrins, proteases (e.g., plasmin (PLS)), and the matrix protein thrombospondin-1 (TSP1) (7, 8) .
TSP1 is a large, matricellular glycoprotein that is produced by different cell types and has important roles in cell attachment, angiogenesis, inflammation, and fibrosis (9) . TSP1 is an important activator of TGF-b1 in vivo (10) , and experiments that antagonized TSP1 with antisense therapy or inhibitory peptides (11, 12) caused a decrease in active TGF-b1 and improvements in fibrotic disease progression. The interaction between TSP1 and TGF-b1 is an autocrine mechanism in which TSP1 increases activation of TGF-b1, and TGF-b1 in turn increases TSP1 gene expression (13, 14) .
TGF-b1 can also be activated by proteases such as PLS, which cleave LAP (15) . PLS is a broad-spectrum serine protease that participates in many aspects of injury response, including inflammation, dissolution of clots, angiogenesis, and remodeling of extracellular matrix. Hepatocytes are the main producers of plasminogen (PLG) (16) , the precursor form of PLS, and PLG is converted to PLS by urokinase-type PLG activator (UPA). UPA is the predominant PLG activator in tissues (17, 18) and its activity is inhibited by plasminogen-activator inhibitor 1 (PAI-1) (19) . Contrary to expected results, in vivo perturbations of the PLS pathway components by overexpression of UPA (20) or knockout of PAI-1 (21) caused a significant decrease (rather than an increase) in active TGF-b1. Previous work has not explained why PLS can activate TGF-b1 in isolation but can decrease TGF-b1 signaling in vivo. Here, we addressed this problem using a combination of mathematical modeling and experiments.
Individually, the PLS and TSP1 pathways of TGF-b1 activation are well understood; however, to our knowledge, this is the first study to examine these pathways in combination to better understand TGF-b1 regulation. A systems-level approach with mathematical modeling can address the cross talk between the PLS and TSP1 pathways of TGF-b1 activation. PLS is a broad-specificity protease that can cleave many matrix proteins, including TSP1 (22, 23) . A significant antagonism between TSP1 and PLS in a cellular context could create an interesting interplay between the two activation pathways. Mathematical modeling has been used to study emergent behaviors of systems, as well as to model different aspects of TGF-b1 intracellular signaling, such as TGF-b1 receptor dynamics (24) , smad signaling (5), and nuclear smad shuttling (6) . Computational modeling is particularly useful for elucidating bifurcations, qualitative changes in pathway behavior, and emergent behaviors that arise in a complex system (25) (26) (27) . Bistability, or the presence of two stable steady states, explains how a robust and synchronized binary decision emerges in cell-cycle control and apoptosis (28) . In previous work, we showed that activation of PLS by UPA is capable of displaying bistability in models and in vitro (29) .
In this work, we constructed a mathematical model including both PLS and TSP1 to obtain a systems-level perspective of the role of PLS in TGF-b1 activation. In the computational model, TGF-b1 exhibited a switch-like bistable response to PLS, decreasing from a high level of active TGF-b1 to a low level of active TGF-b1 with increasing doses of PLS. We experimentally tested key predictions of the model and confirmed them using rat liver cell types that naturally express the relevant proteins. Experimental measurements confirmed that increasing the availability of PLS caused a switch-like decrease in activation of TGF-b1. We conclude that TGF-b1 activation can be maintained at a high level by a TSP1-predominant mode of activation, or at a lower level by a PLS-predominant mode of activation. Bistable switching of TGF-b1 activation constitutes a novel and potentially robust mechanism for regulating TGF-b1 function.
MATERIALS AND METHODS

Computational modeling
Ordinary differential equations (Table S1 in the Supporting Material), constructed from the reaction equations in Table 1 , were simulated with the ODE15s stiff solver in MATLAB (The MathWorks, Natick, MA; www. mathworks.com). Although linear terms, instead of the more-complex Michaelis-Menten kinetics, are assumed because the k M parameters are much higher than substrate concentrations (30) (31) (32) , this assumption does not affect the outcome of bistable predictions (Fig. S1) . A total of 100 random initial concentration of all species, between 1 nM and 0.36 mM, were generated using Latin Hypercube sampling (33, 34) and simulated until a steady state was reached. To construct steady-state plots with respect to parameter variation, we simulated model equations until convergence was seen (in 5000 steps).
Bistability in the model was tested with the use of going-up and comingdown simulations as described previously (29, 33, 34) . For the going-up simulations (see Fig. 3 A, solid curves), a specified parameter of the model was perturbed over a range of values. For each value of the parameter, the system was initialized in a state with TGF-b1 low, and then simulated until a steady state was achieved. For the coming-down simulations (see Fig. 3 A, dashed curves), the same range of parameter values was tested, except that for each coming-down test, the system was initialized with TGF-b1 high. The test was positive for bistability if it revealed a range of parameter values for which the going-up and coming-down simulations yielded two different steady states.
Bifurcation diagrams were performed using XPPAUT (www.math.pitt. edu/~bard/xpp/xpp.html). For a robustness analysis (see Fig. 4 B) , 100 random parameter vectors were generated using Latin-hypercube sampling (33, 34) with 520% to 550% perturbation of the parameters from the nominal values. We calculated the number of parameter sets that were capable of bistability using the going-up and coming-down simulations. A parameter set was considered bistable if the difference between the high and low steady states of PLS was >0.35 mM. Note that 0.1 nM and 0.365 mM are the two steady states of PLS obtained from the 
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Reaction numbers correspond to the numbered arrows in Fig. 1 A, except for production and degradation, which are not numbered.
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RESULTS
Construction of the computational model
We constructed a computational model of PLS-and TSP1-mediated activation of TGF-b1 based on findings in the literature ( Fig. 1 ). PLS activates TGF-b1 from LTGF-b1 through cleavage (15) , whereas TSP1 activates TGF-b1 by binding to LTGF-b1 and causing a conformational change (7, 36) . Active TGF-b1 exerts regulation over PLS and TSP1 through gene expression. TGF-b1 is known to positively regulate TSP1 synthesis (13, 14) . TSP1 and TGF-b1 have an autocrine mechanism in which active TGF-b1 increases TSP1 expression, and more TSP1 protein increases the activation of LTGF-b1. TGF-b1 also maintains a negative regulation over PLS by gene expression of PAI-1 (37) . PAI-1 is an inhibitor of both single-chain urokinase plasminogen activator (scUPA) and two-chain urokinase plasminogen activator (tcUPA) (38, 39) . Production of PLS from the inactive precursor PLG is initiated by scUPA, which nicks at the Arg 560 -Val 561 bond of PLG (30, 40) .
scUPA is a zymogenic precursor with little enzymatic activity, but once it activates PLS, PLS can cleave scUPA to the fully active tcUPA, which has higher catalytic efficiency. Also included in the computational model is a-2-macroglobulin (A2M), which is a specific inhibitor of PLS activity (41) . Finally, interactions of mutual antagonism occur between PLS and TSP1, in which PLS degrades TSP1 (22) , and TSP1 inhibits PLS (23, 42) . When PLS and TSP1 form a complex, two reactions are possible: the complex may be degraded or PLS may cleave TSP1 (equivalent in the model to degrading TSP1). Activation of TGFb1 by integrins and all other mechanisms was treated as a single pooled reaction labeled ''other''. Synthesis of precursor proteins and inactive LTGF-b1 was provided at a constant rate. All of these known phenomena were incorporated to form the interaction network in Fig. 1 A. The reaction equations are shown in Table 1 . Rate parameters were adapted from the literature when available, and unknown rates were estimated as shown in Table 2 . The ordinary differential equations are listed in Table S1 . Fig. 1 B shows a simplified schematic highlighting the interplay between the activators (i.e., TSP1 and PLS).
PLS negatively regulates TGF-b1 activation
To explore model steady states for different initial conditions, the model was simulated from 100 random initial conditions of all species. PLS concentrations, followed 
all other species had an initial concentration of 0 nM (61, 62) Term v i denotes the velocity of the reaction corresponding to the arrow labeled i in Fig. 1 A. Complete differential equations appear in Table S1 . Parameters listed as variable were not available from the literature, so we instead provide values that are capable of inducing bistability in the system. The last row indicates the initial concentrations used for simulations. Gray arrows denote production; dotted arrows denote catalysis. Numbers on arrows correspond to the reaction equations in Table 1 and to the subscripts of terms in Table 2 and Table S1 . (B) Schematic of the interactions between the main species of the model.
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over time, revealed convergence to two steady states, depending on the starting concentration of the species (Fig. 2 A) . To test whether transition between the two steady states was ultrasensitive, simulations were performed with different values of PLS catalytic efficiency (keff 2 ) but with constant initial conditions. With increasing keff 2 values (i.e., increased proteolytic activity of PLS), PLS steady-state levels were seen to switch from a lower to a higher concentration (Fig. S2) , whereas TGF-b1 (Fig. 2 B) and TSP1 (Fig. 2 C) decreased from higher to lower steady states. The change of steady states was ultrasensitive, meaning that small changes in keff 2 were able to cause abrupt shifts between protein steady states. Increasing PLS keff 2 caused a decrease in the steady-state level of TSP1 (Fig. 2 C) .
The inverse correlation between TSP1 and PLS can be explained by the antagonistic interaction between these two proteins ( Fig. 1 A) . However, increasing PLS efficiency also caused a decrease in active TGF-b1 levels ( Fig. 2 B) , and this inverse relationship is interesting because it suggests that although PLS is an activator of TGF-b1, increased PLS activity can cause a counterintuitive decrease in active TGF-b1 levels. These results indicate the presence of a threshold in PLS-mediated TSP1 inhibition, because only keff 2 values > 0.6 mM À1 s À1 were capable of inhibiting TSP1. Once over this threshold, PLS could inhibit TSP1 and break the positive feedback between TSP1 and TGF-b1, causing a net decrease in active TGF-b1 levels.
Bistability and bifurcation analysis of the model Preliminary simulations (Fig. 2) indicated that the parameter perturbations were capable of inducing a switch-like transition of system species. To test whether the ultrasensitive model is capable of displaying bistability, we conducted simulations to determine whether the steady state of the system depended on the initial conditions, with going-up and coming-down simulations (33, 34) performed using the parameter keff 2 . The model was initialized with high TGFb1 (coming-down; dashed line in Fig. 3 A) , and simulated with different values of keff 2 . As expected, a rate of keff 2 > 0.6 mM À1 s À1 caused a switch in TGF-b1 levels from a higher to a lower steady state. Next, the model was initialized with low concentrations of TGF-b1 (going-up; solid line in Fig. 3 A) and simulated with different values of keff 2 . Interestingly, the system retained the low steady state of TGFb1 for values of keff 2 significantly > 0.6 mM À1 s À1 . Models with keff 2 between 0.15 mM À1 s À1 and 0.65 mM À1 s À1 exhibited two different steady states of TGF-b1, depending on whether they had been initialized with low or high levels of TGF-b1. This indicates hysteresis, because the system retains a memory of its state despite changes in the stimulus (i.e., keff 2 ). The simulations therefore show that the TGF-b1 activation model is capable of displaying bistability, depending on the rate parameters. 
In light of the molecular-level antagonism between PLS and TSP1, we studied the impact on bistability of simultaneously varying parameters for PLS and TSP1. We selected the PLS catalytic efficiency parameter, keff 2 , and the positive feedback signal parameter, kp 1 (the gene expression of TSP1 induced by TGF-b1), and performed a parameter bifurcation analysis on kp 1 and keff 2 by individually modifying kp 1 parameter values over a range of keff 2 values. For kp 1 ¼ 0.05 s À1 (i.e., low values of the positive feedback and little induction of TSP1), the system had a single steady state (monostable), with TGF-b1 (Fig. 3 B) and TSP1 (Fig. 3 C) maintained at a lower concentration and PLS maintained at a high concentration (Fig. 3 D) . Conversely, when the kp 1 feedback signal strength was increased (kp 1 ¼ 1 s À1 ), there was enough TSP1 to cause inhibition of PLS, and the system converged without bistability, for the entire range of keff 2 values, toward a single steady state with high levels of TSP1 and TGF-b1, and low levels of PLS. For intermediate values of kp 1 (e.g., kp 1 ¼ 0.35 s À1 ), the system was bistable, as indicated by the presence of two saddle node bifurcation points (black dots in Fig. 3, B-D) . For any value of keff 2 between these two saddle nodes (on the curve for kp 1 ¼ 0.35 s À1 ), the resulting system has two stable fixed points and one unstable fixed point in between. To be capable of bistability, the system must therefore have some degree of balance between the parameters defining the TSP1 strength and the parameters defining the PLS strength. In addition to the TSP1-TGF-b1 positive feedback, there is a positive feedback loop between PLS and UPA (defined by keff 3 ) that also regulates bistability. Fig. S3 shows that the system is monostable for low values of keff 3 and kp 1 , and bistable (shaded area within the cusp) for higher values of keff 3 and kp 1 .
Because bistability depends on the parameter values, we next analyzed the robustness of the bistability to parameter variation. A two-parameter bifurcation diagram (Fig. 4 A) shows that the region of bistability (shaded region within the cusp) is large even when kp 1 and keff 2 are varied simultaneously. The shaded region inside the cusp represents models with bistability, and the boundary lines represent saddle node bifurcations. We next generated 100 parameter sets with a 520% to 550% variation from nominal values of all parameters listed in Table 2 (see Materials and Methods). For each parameter set, bistability was tested with going-up and coming-down simulations (43) . Fig. 4 B shows the percent bistability, i.e., the proportion of parameter sets that are capable of bistability when all the parameters are varied. There is a~2.5-fold decrease in bistable parameter sets, with a 550% variation from the nominal value (Fig. 4 B) , although >25% of the parameter sets are still capable of displaying bistability (Fig. 4 C) . This suggests than many physiologically reasonable perturbations of the model, such as changes in protein synthesis rates, would be capable of creating or maintaining bistability.
PLS causes a switch-like decrease in TGF-b1 activation in coculture
In a system with proteolysis, protein dynamics must be studied in the presence of production and turnover, because otherwise, inevitable proteolysis would preclude any interesting dynamical behaviors. It is easy to produce multiple proteins simultaneously in a theoretical model; however, PLG and TSP1 are normally secreted by different cell types, and typical cell cultures cannot provide a physiologically relevant dynamic between PLS and TSP1. We chose to test specific model-based predictions using a coculture of primary rat hepatocytes (liver epithelial cells) and rat T6 hepatic stellate cells (T6-HSC, liver fibroblasts). Hepatocytes and HSCs occur together in vivo and have frequently been cocultured to study injury response in vitro (44, 45) . Hepatocytes are the main producers of PLG in vivo (16), and we selected freshly isolated primary hepatocytes because they provide constant production of PLG as modeled. Similarly, T6-HSCs provide strong production of TSP1 and LTGF-b1. An HSC-predominant coculture has a higher ratio of T6-HSC to hepatocytes, and shows high production of TSP1 and low production of PLG.
To test the effect of PLS on TGF-b1 activation, we established HSC-predominant cocultures (see Supporting Material) and administered different levels of PLG. Because Using parameter vectors generated with 520% to 550% random variation from the nominal parameters, we calculated the percentage of models that retained bistability using keff 2 as the bifurcation parameter. (C) Percent robustness of bistability when each parameter is perturbed individually (see ''Computational methods'').
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PLS has a very short half-life (poor stability), and the precursor form of PLG is more stable, we administered PLG instead of PLS in the coculture. In these cocultures (which start with high levels of active TGF-b1), administering PLG caused the level of TGF-b1 to decrease (Fig. 5 A) . Low doses of PLG (0-0.125 mg/mL) were not effective at decreasing TGF-b1, doses above the threshold of 0.125 mg/mL were capable of decreasing TGF-b1, and very high doses above 3 mg/mL caused no further decrease. Corresponding to the decrease in TGF-b1, there was also an increase in the cleavage of TSP1 (Fig. 5 B) . The dose response of TGF-b1 to PLG was cooperative (with a Hill coefficient of 1.7), consistent with the ultrasensitivity seen in simulations. The decrease in TGF-b1 activation was due to PLS enzymatic activity, because inhibition of PLS activity using 1 mg/mL aprotinin in an HSC-predominant coculture (Fig. 5 C) was able to rescue the high activation state of TGF-b1.
Hysteresis in TGF-b1 activation in coculture
Given that the coculture experiments with addition of PLG showed an overall ultrasensitive decrease in TGF-b1 activation, we next sought to test the model predictions of bistability in TGF-b1. A robust indication of bistability is hysteresis, or the dependence of a system on its history (46) . We tested whether the TGF-b1 levels depended on the previous system state, but instead of varying a reaction rate parameter as done in silico, we varied the PLS concentration in vitro (Supporting Material). To increase PLS, we added purified protein, and to decrease PLS, we inhibited UPA with anti-UPA mAB. Fig. S3 shows that addition of anti-UPA mAB into the HSC-predominant coculture caused PLS levels to drop to a lower steady state within 3 hr.
To test for hysteresis, we initiated the experimental model at different states by giving two treatments in an opposite order. One batch of HSC-predominant cocultures first received anti-UPA mAB to drive down PLS levels ( Fig. S4 and Fig. S5) , followed by addition of exogenous PLS (Fig. 6 A) . The other batch of HSC-predominant cocultures received PLS first (Fig. S6) , followed by anti-UPA treatment (Fig. 6 B) . In both cases, we measured the final TGF-b1 levels for different doses of PLS.
If the system is monostable, then the steady-state level of TGF-b1 will depend only on the dose of PLS and not on the going-up or coming-down initialization of the system. Coculture experiments (Fig. 6 C) showed that the steadystate level of TGF-b1 did not differ between the going-up and coming-down protocols for PLS doses < 50 ng/mL or > 1 mg/mL. For PLS doses between 50 ng/mL and 1 mg/mL, TGF-b1 stabilized at two different levels: a higher concentration in coming-down cocultures and a lower concentration in going-up cocultures. The experimental system exhibited two steady states of TGF-b1, with hysteresis. Both in silico modeling and coculture experiments showed a cooperative dose response for the TGF-b1 transition, and bistability for TGF-b1 activation.
DISCUSSION
To investigate the possible roles of PLS in TGF-b1 activation, we constructed a mathematical model of signaling dynamics (Fig. 1 A) including activation of TGF-b1 by PLS and TSP1, TGF-b1-dependent gene expression to regulate PLS and TSP1, and interplay between PLS and TSP1. When TSP1 levels are low, PLS is an activator of TGF-b1; however, adding PLS to a system with high TSP1 levels caused a decrease in TGF-b1 activation. The ability of PLS to decrease the net activation of TGF-b1 might seem to contradict the notion that PLS is an activator of TGF-b1; however, the simulated effect occurred because PLS was catalytically degrading another (stronger) activator, TSP1.
PLS and TSP1 were previously shown to antagonize each other in limited cell-free work (23, 42) , and our work in silico and in vitro shows the significance of this effect for TGF-b1 regulation. The simulations indicate that sufficiently high concentrations of PLS are capable of cleaving TSP1 and blunting the positive feedback loop between TSP1 and TGF-b1 (Figs. 2 and 3) . When the TSP1-TGFb1 feedback signal strength is moderate, increasing PLS will cause a decrease in TSP1 levels and a decrease in TGF-b1 (Fig. 3 B) . However, if the positive feedback rate for TSP1 production is very high, TSP1 concentrations will become high enough that small amounts of PLSinduced cleavage will be unable to undermine the TGFb1 high regime. Similar results were seen in vitro with an HSC predominant coculture (TGF-b1 high, PLS low), i.e., lower doses of PLS were unable to effect a switch in TGF-b1, whereas higher doses caused a significant decrease of TGF-b1 (Fig. 6 ). This indicates that PLS can function to antagonize TGF-b1 activation in a TSP1-rich environment.
The model-based prediction that PLG/PLS is capable of decreasing active TGF-b1 was validated in a coculture of hepatocytes and T6-HSC (Figs. 5 and 6 ). Single-cell approaches have been shown to be valuable for demonstrating bistability in populations of intracellular systems (47) ; however, our work demonstrates bistability in the extracellular environment caused by an interplay between secreted factors from multiple cell types. PLG addition caused a significant decrease in active TGF-b1 levels, accompanied by increased cleavage of TSP1, with a sigmoidal dose response. Further experiments showed that the system exhibited hysteresis, because 1), memory of the TGF-b1-low/PLS-high steady state was retained (Fig. 6 C, dashed curve) even when the endogenous PLS activation was disrupted by anti-UPA treatment (Fig. S4) ; and 2), memory of the TGF-b1-high/PLS-low state (Fig. 6 C, solid curve) was retained even after PLS addition. A system with mere cooperativity would have remembered only one steady state. Bistability in vitro is observed between 0.1 and 3 mg/mL of PLG, whereas PLG levels in vivo have been measured to be~0.2 mg/mL (48) . The amount of PLG needed for bistability is therefore comparable to the levels known to occur physiologically.
PLS is an activator of TGF-b1 when TSP1 levels are extremely low, as shown in Fig. 3 B and in previous reports in vitro (15) and in vivo (49) (Hong-Hua Mu, University of Utah School of Medicine, personal communication, 2011). In contrast to this positive correlation, previous in vivo work revealed a negative correlation between the PLS activation pathway and TGF-b1 signaling in hepatofibrotic rats (50) , which have high levels of TSP1. A negative correlation between PLS and TGF-b1 has also been observed in other fibrotic diseases in vivo (20, 21, 51) . Our preliminary data in vivo showed that a transient burst of cell-based PLS therapy was effective at causing prolonged regression of fibrotic phenomena (52) , including a decrease in the concentrations of TGF-b1 and TSP1 (S.-M. Chua, L. Venkatraman, N. Tan, S. Chang, F. Y. Kuan, B. C. Narmada, J. J. Wang, C. H. Kang, S. S. Bhowmick, P. T. So, L. Tucker-Kellogg, and H. Yu unpublished results). A fibrotic disease condition could correspond to a monostable TGF-b1-high state, and an uninjured (or regressed) condition could correspond to a monostable low state. After injury, bistability could coordinate orderly transitions between the phases of wound healing, such as the start and end of a fibrogenic (matrixregenerating, TGF-b1-high) phase of regeneration. Diseases of TGF-b1 dysregulation (52-54) could drive the system away from bistable behavior and disrupt the typical regeneration trajectory.
In this study, we used mathematical modeling to delineate specific hypotheses about the interplay between the PLS pathway and the TSP1 pathway during the activation of TGF-b1, with systems-level decisions emerging from the cross talk. A negative correlation between PLS and TGFb1 was predicted by simulations in silico, and validated by experiments in vitro. This demonstrates that antagonism between two modes of TGF-b1 activation is capable of reversing the overall effect of an activator. The bistability of TGF-b1 activation, predicted computationally and validated experimentally, implies that both the high and low states of the system are stable and self-propagating. This understanding of the bottlenecks and sensitivities may be exploited in the future for therapeutic benefit (50) . For Biophysical Journal 103(5) 1060-1068 example, the transition in TGF-b1 activation is predicted to have regions of high sensitivity and relative insensitivity, suggesting that 1), therapies targeting TGF-b1 will be more effective if administered in contexts that are already close to the ultrasensitive transition; and 2), therapies can achieve sustained effects if a transient intervention is strong enough to activate the switch. These considerations may be useful for identifying therapeutic targets and prognostic predictors in diseases with TGF-b dysregulation.
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